Phage HK022 encodes a protein, Nun, that promotes transcription termination within the PL and PR operons of its relative, phage A. The A sequences required for termination had previously been shown to overlap the nut sites, which are essential for transcription antitermination during normal A growth. To further specify the Nun target and to determine its relation to the nut sites, we constructed deletion and base substitution mutations of the A nutL region and measured Nun-dependent reduction of the expression of a downstream reporter gene. The shortest construct that retained full Nun responsiveness was a 42-bp segment that included both boxA and boxB, sequences that have been implicated in A antitermination. Deletion of boxA reduced Nun termination, and deletion of both sequences eliminated Nun termination. Base substitutions in boxA and the proximal portion of boxB impaired Nun termination, while base substitutions between boxA and boxB, in the distal portion of boxB, and immediately downstream from boxB had no appreciable effect. The termination defect of all of the base substitution mutations was relieved by increasing the level of Nun protein; in contrast, the deletions and a multiple-base substitution did not regain full Nun responsiveness at elevated Nun concentrations. We also asked if these mutant nut regions retained their ability to interact with N, the A-encoded antitermination protein. A qualitative assay showed that mutations within boxAl or boxB reduced interaction, while mutations outside boxA and boxB did not. These data show that (i) the recognition sites for N and Nun overlap to a very considerable extent but are probably not identical and (ii) a high concentration of Nun promotes its interaction with mutant nut sites, a behavior also reported to be characteristic of N.
all of the base substitution mutations was relieved by increasing the level of Nun protein; in contrast, the deletions and a multiple-base substitution did not regain full Nun responsiveness at elevated Nun concentrations. We also asked if these mutant nut regions retained their ability to interact with N, the A-encoded antitermination protein. A qualitative assay showed that mutations within boxAl or boxB reduced interaction, while mutations outside boxA and boxB did not. These data show that (i) the recognition sites for N and Nun overlap to a very considerable extent but are probably not identical and (ii) a high concentration of Nun promotes its interaction with mutant nut sites, a behavior also reported to be characteristic of N.
Phage A is unable to transcribe most of its early genes in cells lysogenic for the related phage HK022. Such lysogens contain Nun, an HK022-encoded protein that promotes termination of transcription at specific sites within the APL andpR operons (16) . Nun-promoted termination requires the Eschenichia coli NusA, NusB, NusG (1, 22) , and NusE proteins and specific nucleotide sequences whose locations overlap those of the X nutL and nutR sites (16) . These sequences probably function in the form of RNA transcripts, since translation of the nut region blocks Nun action (16) . The Nus factors and nut sites have the opposite role in normal X infection: together with the X N protein they change RNA polymerase to a terminator-resistant form and thereby promote transcription of early X genes that are located downstream of transcription termination sites (6) . When N and Nun are present in the same cell, the level of expression of a reporter gene located downstream of nutL or nutR depends on the N/Nun ratio, suggesting that the two proteins compete for a common target (16) . Indeed, several base substitution mutations within the nut sites prevent both termination by Nun and antitermination by N (16, 18) . Moreover, Nun, like A N, acts poorly or not at all on lambdoid phages with different nut sites (16) .
nut sites consist of two separate regions that are important for antitermination, a promoter-proximal segment called box;A and a promoter-distal segment called boxB (6, 7) . The boxA sequence is moderately well conserved among several lambdoid phages, and the boxB sequence, although not conserved from one phage to another, usually contains two short inverted repeats (the stem) separated by a short spacer (the loop). The sequence requirements for Nun-mediated termination are less well understood. We previously reported the effects on Nun termination of two sets of deletions that removed sequences downstream of A nutL or sequences upstream of X nutR (16) . The combined results suggested that a 60-bp region containing boxA, boxB, and some flanking sequence confers full Nun responsiveness. A deletion of part of boxB and base substitution mutations in boxA and the boxB loop abolished Nun termination (16, 18) .
To define more precisely the sequence requirements for Nun termination and the relationship between the Nun target and the nut site, we synthesized a set of deletion and substitution mutations of the X nutL site and characterized their ability to confer Nun or N responsiveness.
MATERIALS AND METHODS
E. coli. TAP106, constructed and kindly provided by T. Patterson, was used as a host for most plasmid experiments. The lac operon has been deleted, and this strain contains a defective X prophage that lacks all phage genes except for cI857, which encodes a thermosensitive repressor, and rexA and rexB, which are irrelevant to this study. We also used TAP112 (25) , which carries the same defective prophage in a different genetic background, as well as nusAl, nusB5, and nusE71 derivatives of this strain. N5947 (13) (16) . The phage culture techniques used were described previously (11, 16 (Table 1) . We speculate that they may have removed a transcription terminator or a site that decreases message stability.
We then synthesized single-base-pair substitution mutations in the boxA-boxB region of nutL and determined their effect on Nun termination in multiple lysogens as described above ( In the plasmid-plasmid test for Nun responsiveness (third arrow), the host strain was TAP106, which has the lac region deleted, and the prophage Nun target was replaced by a compatible high-copynumber plasmid carrying the same PL-lacZ fusion. Finally, in the plasmid-plasmid test for N responsiveness (fourth arrow), the host was TAP106, TAP112, or a nus mutant derivative of TAP112, and the source of N was a low-copy-number plasmid carrying a PLaC-N transcriptional fusion (pNAS200).
Effect of nut region mutations on N-nut interaction. To determine the effects of these mutations on interaction between nutL and the K N antitermination factor, we used the following qualitative assay. When thermoinducible cells containing a plasmid with a pL-boxA-boxB-lacZ fusion and an additional plasmid supplying N protein were incubated on antibiotic-containing plates at the inducing temperature, we observed no isolated colonies, only confluent patches where the initial inoculum was densest. This lethal effect required induction, N protein, a wild-type boxA-boxB region, and wild-type NusA, NusB, and NusE proteins (Table 3 and  Table 1 , panel C). To explain this observation, we propose that a functional nut site allows the N-and Nus-modified RNA polymerase to read through a terminator (TI) located downstream of lacZ ( Fig. 1) Fig. 3 for details.
c Panel C shows the response to N protein of cells carrying a plasmid copy of the indicated PL-IaCZ fusion as well as the N+ plasmid pNAS200. N responsiveness (+) is indicated by the absence of colonies and N unresponsiveness (-) by their presence under the conditions described in the text and footnote a of Table 3. copy number (21) and that cells carrying plasmids with a wild-type boxA-boxB region form colonies with high efficiency at the inducing temperature on plates lacking antibiotics, but these colonies consisted of cells lacking the plasmid (Table 3) . In any event, the inability to form colonies at the inducing temperature must signal some aspect of the N-nut-Nus interaction, since it requires the integrity of all of these elements (see Discussion).
We therefore used this test to determine the ability of N to act on mutant nutL sites. We found that all of the deletions of and substitutions within box4 and boxB impaired N responsiveness, while those lying upstream of boxA, between box4 and boxB, or downstream from boxB had no apparent effect (Tables 1 and 2 ). These results suggest that the nucleotides required for Nun action overlap but do not entirely coincide with those required for N action. We note one unexpected finding with cells carrying mutation C53A, which failed to grow at the inducing temperature even in the absence of N protein (Table 2 , footnote b). This mutation behaves as if it allows antitermination even in the absence of N.
Effect of increased Nun level on termination. To ascertain whether the termination defect of any of the nut region mutations could be suppressed by increasing the level of Nun, we determined the effect of supplying Nun from a high-copy-number plasmid containing a pLac-nun fusion (plasmid pNUN) instead of from a prophage. We assume that pNUN produces substantially more Nun than does a prophage, because the number of nun copies is higher and becausepLac is probably stronger than pM, the promoter for nun transcription in a repressed lysogen (2) . With these conditions, the patterns of Nun responsiveness were not substantially changed for any of the deletion mutations, regardless of whether the target pL-nutL-lacZ fusion was present on a prophage (data not shown) or on a compatible high-copy-number plasmid (Table 1, panel B) . We obtained the same result for a Nun-resistant triple mutant (deletion of base 40 of baxA and the transversions G55T and G61T of the loop and descending stem, respectively, of boxB) (data not shown). In contrast, we found that all of the Nun-resistant single-base substitutions became responsive to Nun when the source of Nun was a high-copy-number plasmid and the target nut site was present in low copy number (Table 2) , or when both the source and the target were present on compatible high-copy-number plasmids (data not shown). It therefore appears that the Nun-resistant phenotype of the single-base substitution mutations is suppressed by increasing the level of Nun, suggesting that the mutations hamper but do not totally block a step of termination that depends on Nun concentration. The boxA-boxB deletions and the triple mutant, all of which are resistant to even high levels of Nun, are either totally defective or interfere with another step of termination.
DISCUSSION
We have shown that a 42-bp segment of the APL operon containing only boxA, boxB, the spacer between these two sequences, and 9 bp downstream of boxB is sufficient in the appropriate context to confer full Nun responsiveness. The phenotypes of base substitution mutations of this segment can be explained by postulating two regions of importance: the box4 sequence and a portion of boxB including the ascending stem and the proximal portion of the loop. These findings are consistent with and augment previous results involving changes in both nutR and nutL (16, 18) .
We also tested our mutations for N responsiveness, using an assay in which N and Nus factors prevent maintenance of a plasmid with a transcribed, wild-type nutL site. It is very likely that our assay measures antitermination (i) because the requirements for N, nut, and Nus factors are highly characteristic of A antitermination and (ii) because strong transcription across the rom gene or on region of a ColEltype plasmid has previously been found to interfere with plasmid replication (21) . Indeed, the sequences found to be necessary for N action by our test are consistent with those previously found using a more direct antitermination assay (3, 12) . Doelling and Franklin (3) have demonstrated the importance of each of the five bases in the loop of boxB as well as the two adjoining bases. In addition, several of their mutations within boxAl were found to decrease N responsiveness. Our data confirm the importance of boxA and boxB for N responsiveness and the relative unimportance of the surrounding and intervening bases tested. In each case in which the same base pair substitution was made (G35T in box4 and G55T and A57C in boxB), our data agree with previous data obtained by direct assay for N antitermination (3, 12) . In addition, a number of previously untested bases within box4 and boxB can now be identified as important for N action. [dJ d The f3-galactosidase activity was too low to determine a significant ratio.
The sequence requirements for Nun-mediated termination and N-mediated antitermination are similar but not identical.
Within boxA, the requirements for N and Nun are indistinguishable. However, within boxB, the identity of two bases, position 57, within the loop, and position 60, immediately distal to the loop, appear to be important for N but not critical for Nun action. Although this divergence between the sequence requirements for N and Nun action might diminish if the mutant sites were tested at higher N or lower Nun levels, we doubt if it would disappear, since it has previously been shown that the antitermination-defective phenotype of substitution G57C is not completely suppressed by increasing the level of N (3). Thus, our data suggest recognition sites that overlap but are not congruent, a conclusion consistent with the observation that Nun and N act competitively (16) . The unchanged Nun responsiveness of mutation A60C suggests that an A-U base pair between positions 54 and 60 of the wild-type nut transcript is not critical for termination. It remains possible that the remainder of the boxB stem, which consists entirely of G-C base pairs, is important.
Interestingly Fig. 2 and Table 1 , and nutG55T is a base substitution mutation shown in Table 2 (5, 19) , but no such complementation is observed with lower levels of N expression, presumably because of the differences in the sequence of the nut sites of these phages. Similarly, Doelling and Franklin (3) described mutant nutR sites that were nonfunctional at low levels of N and yet functional at higher levels of N. Two groups (8, 23 ) have proposed models that describe the interaction of N, Nus factors, the nut site, and RNA polymerase during antitermination. In the model proposed by Whalen and Das (23) , the boxB RNA stem loop serves to bind N and bring it into contact with a downstream RNA polymerase. boxA is thought to bind a host factor, possibly NusB, which then helps to bring N into the complex and to stabilize the N-polymerase interaction. The other Nus factors further stabilize the antitermination complex. The extensive similarities between N and Nun suggest that Nun physically replaces N in the antitermination complex and alters it so that it terminates transcription. The similarities include common requirements for at least four Nus factors and nearly identical nucleotide sequence requirements, which are recognized at the RNA level (1, 16) (Table 2) . Recent genetic evidence suggests that Nun, like N, interacts functionally with RNA polymerase (17) . The N and Nun proteins are of similar size, and both have a basic region near the amino-terminal end; this region appears to determine sequence specificity for N (9, 11 (11) . Also, the critical difference that results in divergent final effects is still unknown. It is possible that the difference in the boxB recognition sites could lead to a different configuration of the proposed complex, resulting in the very different final effects. Alternatively, the critical difference might not involve the difference in site recognition specificity but might instead involve other differences between the two proteins.
